G lioblastoma (GBM; WHO grade IV astrocytoma) is the most common and aggressive primary malignant tumor of the CNS. 1, 2 Approximately 10 000 persons (3.19 cases per 100 000 population) receive a diagnosis of GBM each year in the United States. 2 Because GBM tumors are characterized by invasive and diffuse growth, surgical control of the disease is difficult. Currently, the standard treatment for GBM entails maximal surgical resection, followed by radiation with concurrent and adjuvant chemotherapy to treat the residual infiltrative component of the tumor. 3, 4 Despite these aggressive treatment modalities, GBMs are notoriously resistant to radiation and chemotherapy, and, invariably, the disease returns. Thus, GBM presents a grave prognosis and patients have an expected 1-year survival rate of 34% and a 5-year survival rate of only 5%. 2 In contrast to other tumor types, such as chronic myeloid leukemia 5 or gastrointestinal stromal tumors, 6 targeted therapy has made only a minor impact on the natural history and clinical management of GBM. Advances in the understanding of the pathogenesis of GBM and of several of the different molecular aberrations in GBM, including those occurring in phosphatase and tensin homolog (PTEN), 7 epidermal growth factor receptor (EGFR), p16/p19, and p53, have led to a new era of exciting possibilities for the treatment of GBM. 8 In 2009, for example, the humanized anti -vascular endothelial growth factor (anti-VEGF) monoclonal antibody bevacizumab (Avastin) received accelerated approval for GBM, representing the only new therapy to be approved in GBM in more than a decade and the first targeted agent to be approved to treat this disease. 9 Although bevacizumab treatment has achieved significantly increased rates of tumor response and progression-free survival, compared with historical controls, 10 ,11 the benefit in overall survival has been more modest. Nonetheless, these data provide an encourage further research of targeted agents to treat GBM. However, the development of efficacious targeted therapies for GBM is impeded by the complex, heterogeneous nature of the disease and the difficulty of passing through the blood-brain barrier. To successfully develop new therapeutic approaches for GBM, combination approaches targeting several molecular pathways will likely yield more effective treatments. Despite our advancing knowledge of the genetic alterations involved in the disease, the identification of multiple attractive molecular targets, and the availability of bevacizumab, GBM remains associated with significant morbidity and mortality, underscoring the need for improved therapeutic approaches.
The essential role of phosphatidylinositol 3-kinase (PI3K) signaling in proliferation, cellular metabolism, and apoptosis may represent a therapeutic target with the potential for improvement in clinical outcome for GBM. Inhibiting the PI3K pathway alone or in combination with other oncogenic pathways could induce a cytostatic effect and induction of cell death and may also have more far-ranging outcomes, including antiangiogenic effects. Here, we describe the PI3K pathway in GBM, the characteristics that make it a compelling therapeutic target, and the data of PI3K inhibitors in clinical trials and those under investigation for the treatment of patients with this disease. We further discuss the evaluation of potential biomarkers for appropriate patient selection and the assessment of effects of PI3K inhibitors that have been incorporated into ongoing clinical trials.
The PI3K Pathway in GBM
The PI3K family of intracellular lipid kinases is involved in diverse signaling pathways that regulate proliferation, differentiation, migration, metabolism, and survival. 12 -14 PI3Ks are grouped into 3 classes (I-III) according to their substrate preference and sequence homology, and each class has distinct roles in cellular signaling. Class I PI3Ks are further divided into 2 subgroups (A and B). The pathway described in this section will focus on class IA PI3Ks.
Upstream receptor tyrosine kinases (RTKs), such as EGFR, activate class IA PI3Ks. The binding of the p85 regulatory subunit of PI3K to phosphotyrosine residues on activated RTKs leads to a conformational change in p85, releasing the inhibition of the catalytic subunit p110 (a, b, and d isoforms) of PI3K. PI3K localizes to the plasma membrane and catalyzes the formation of phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) through the phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP 2 ). PIP 3 is a critical activator of the serine/threonine kinase AKT (also known as protein kinase B). Binding of PIP 3 to AKT leads to the membrane recruitment of AKT and subsequent phosphorylation by PDK1 (3-phosphoinositide-dependent kinase) and the mammalian target of rapamycin complex 2 (mTORC2). After activation, AKT is recruited to the cellular membrane and, in turn, phosphorylates, activates, or inhibits numerous target proteins involved in regulating cellular metabolism, survival and motility, protein synthesis, and vesicle sorting (Fig. 1) . 13 -16 The PI3K pathway is negatively regulated by various proteins. PTEN and the SH2 domain-containing inositol phosphatases antagonize PI3K activity through the dephosphorylation of PIP 3 to the biologically inactive PIP 2 . In addition, activation of the mTOR complex1 (mTORC1) effector, p70 S6 kinase (S6K), modulates PI3K activation through negative feedback inhibition. 17, 18 Because the signaling components of the PI3K/AKT/ mTOR pathway are central regulators of cell proliferation, growth, differentiation, survival, and angiogenesis, it is not surprising that dysregulation of this pathway through genetic alterations in several proteins in the PI3K signaling pathway, including p85, p110, PTEN, and AKT, has been demonstrated to play a pivotal role in the pathogenesis of cancer. 19 -24 Tyrosine kinase expression and subsequent signaling, specifically EGFR signaling, have long been implicated in the pathogenesis of GBM. 25, 26 Amplification of EGFR in GBM leads to activation of the PI3K pathway and has been noted in approximately 45% of GBM cases. 27 Amplification or activating mutations of PIK3CA, the gene encoding the p110a subunit of PI3K, or PIK3R1, the gene encoding the p85 regulatory subunit of PI3K, have been demonstrated in approximately 15% of patients with GBM. 21, 24, 28 Similarly, loss of function mutations, chromosomal deletions, or epigenetic gene silencing of 29 and have been shown to lead to poor survival. 30 In fact, alterations of at least one of the EGFR, PTEN, or PIK3CA genes have been detected in 63%-86% of primary and 31% of secondary GBM. 28, 29, 31 Taken together, these data highlight the importance of this pathway in the pathophysiology of this disease.
PI3K Pathway Inhibitors and Their Preliminary Clinical Results
Because of the aberrant hyperactivation of the PI3K pathway, inhibition of its components presents an attractive target for cancer therapeutics. There has been a tremendous effort to develop PI3K pathway inhibitors for the treatment of cancer (Table 1 ). For example, the rapamycin analogs everolimus (Afinitor) and temsirolimus (Torisel), both of which inhibit mTORC1, have been approved for the treatment of advanced renal cell carcinoma. 32, 33 Everolimus is also indicated for the treatment of subependymal giant cell astrocytoma (SEGA) associated with tuberous sclerosis and progressive neuroendocrine tumors of pancreatic origin (PNET) in some patients. 34, 35 In patients with GBM, these rapalogs, as single agents or in combination with other agents and/or radiation, have yielded mostly infrequent and short-lived responses. 36 -39 However, the results of these studies have led to a more profound understanding of the PI3K pathway in GBM and the development of potentially more efficacious and better tolerated agents. Here, we will briefly summarize data of select PI3K pathway inhibitors currently in clinical development and highlight studies that investigate some of these inhibitors specifically in GBM.
PI3K Inhibitors
Two types of PI3K inhibitors target the p110 catalytic subunit: however, there are both pan-PI3K inhibitors and isoform-specific PI3K inhibitors. Pan-PI3K inhibitors are active against all family members of PI3K and include wortmannin derivatives, whereas isoformspecific inhibitors selectively inhibit p110a, b, or d. BKM120 (Novartis) is a pan-class I PI3K inhibitor without mTOR and Vps34 activity. It inhibits wild-type PI3Ka with an IC 50 of 35 nM and also inhibits the other 3 PI3K paralogs (PI3Kb, -g, -d) with IC 50 values of 108 -348 nM. Preclinical and early clinical data demonstrate that BKM120 has anti-proliferative and pro-apoptotic activity in a variety of tumor cell lines, xenografts, and patients with cancers associated with PI3K activating mutations. 40 -43 BKM120 demonstrated a dose-dependent growth inhibition in GBM cell lines (including U87, U251, LN229, LN18, and D54) regardless of their PTEN and/or EGFR status. 40, 41, 43 Furthermore, oral BKM120 was well-tolerated by mice harboring intracerebral U87 xenografts and prolonged their survival.
43 BKM120 can also penetrate the bloodbrain barrier, making it an attractive option for the treatment of GBM. In a single-agent, multi-center, open-label, dose-escalation phase Ia study, with a maximum tolerated dose (MTD) expansion arm in patients with advanced solid tumors, BKM120 was generally well-tolerated and showed biologic and anti-tumor activity. 44 The MTD was 100 mg/day. Dose-limiting toxicities (DLTs) were experienced in 9 patients: hyperglycemia (grade 4 in 2 patients), upper abdominal pain (grade 3 in 1 patient), skin rash (grade 3 in 1 patient), and mood alteration (grade 2 in 2 patients and grade 3 in 1 patient). Of the evaluable patients, 3 (5%) of 66 patients had partial responses (2 unconfirmed, 1 confirmed), 28 (42%) of 66 had stable disease as a best response, and 20 patients experienced durable response (more than 16 weeks). Of the partial responses, 2 patients had breast cancer; 1 patient had a triple-negative (estrogen receptornegative [ER-], progesterone receptor-negative [PR-], and human epidermal growth factor receptor-2-negative [Her2-]) tumor, and the other had an ER+/PR+/Her2-tumor. The third partial response was in a patient with parotid gland ductal carcinoma. Frequent adverse events in this trial were those common to most PI3K inhibitors: fatigue, rash, and gastrointestinal toxicities (including nausea, diarrhea, and decreased appetite). The only grade 3/4 adverse event suspected to be related to the study drug was the other had an hepatotoxicity (transaminase increase, hyperbilirubinemia; 11%), which occurred in 5% or more of patients. A unique adverse event noted with BKM120 that has not been observed clinically with other PI3K inhibitors to date was mood changes (including mood alterations, emotional disorders, and affective disorders), although its relationship to BKM120 is still being analyzed. In addition, hyperglycemia occurred in approximately 30% of the patients, with only 4 (5%) experiencing grade 3 events. Hyperglycemia is not necessarily an unexpected toxicity for PI3K pathway inhibitors, because this pathway is involved in cellular metabolism and glucose/insulin regulation, and hyperglycemia has been noted in preclinical and clinical studies. 45 -51 Overall, there are approximately 20 ongoing and upcoming phase I and II trials with BKM120 administered as either a single agent or in combination therapy. In GBM, there is an ongoing phase II trial of BKM120 among patients in first or second recurrence with evidence of activation of the PI3K pathway (NCT01339052). Patients in this study are stratified according to their PTEN and PIK3CA mutational status to determine which of these subgroups may be more sensitive to PI3K inhibition. In addition, a phase I trial of BKM120 with radiation therapy and temozolomide in patients with newly diagnosed GBM (NCT01473901) and a phase I/II trial of BKM120 with bevacizumab in patients with recurrent GBM (NCT01349660) are ongoing. Phase II trials of BKM120 are also ongoing in endometrial cancer, castration-resistant metastatic prostate cancer, and nonsmall cell lung cancer (NSCLC).
PX-886 (Oncothyreon) is a semi-synthetic derivative of wortmannin and irreversibly inhibits PI3K through the formation of a covalent bond with PI3K. The primary metabolite of PX-866, 17-OH, is even more potent than the parent compound against the a and b isoforms of PI3K and has improved potency against forms of PI3Ka that contain activating mutations. In a panel of human tumor xenografts, the presence of PI3KCA mutations and the loss of PTEN activity were positive predictors of response to PX-866, whereas oncogenic RAS mutations were a predictor for resistance. 52 In glioma cells, PX-866 dramatically inhibited proliferation in a variety of cell lines, with greater sensitivity seen in PTEN-negative cell lines, where IC 50 values were 3-fold lower (low mM range) than in PTEN-positive cell lines. PX-866 also resulted in increased autophagy and decreased the invasive and angiogenic potential of cells. In human U87 mouse xenograft models, PX-866 inhibited subcutaneous tumor growth and increased the median survival time of animals with intracranial tumors. 53 Results from a single-agent, phase I open-label, dose-escalation study of PX-866 in patients with advanced solid tumors who had failed or were intolerant to standard therapies demonstrated that PX-866 was well-tolerated using both intermittent (once daily on days 1 -5 and 8-12 of a 28-day cycle) and continuous daily dosing. 54 Overall, 13 (22%) of 60 patients treated with PX-866 had stable disease after a median 57 days (range, 4-235 days) on study. The most common adverse events were diarrhea, nausea, vomiting, fatigue, and alanine aminotransferase and aspartate aminotransferase level elevation (the latter with continuous dosing). The MTD was 12 and 8 mg with intermittent and continuous dosing, respectively. A phase II trial is evaluating the efficacy and safety of daily PX-866 in patients with relapsed GBM at first relapse as assessed by objective response and early progression rates (NCT01259869).
XL147 (SAR245408; sanofi), another pan-PI3K inhibitor, has shown single-agent preclinical activity in human breast cancer cell lines and xenograft models with an IC 50 of approximately 6 mM and has demonstrated synergistic activity with other therapeutics. 55 -57 In an open-label, phase I dose-escalation study of XL147 in patients with advanced solid tumors and lymphomas, the MTD of XL147 was 600 mg/day with either intermittent (21 days on/7 days off) or continuous dosing schedules. 58 The DLT for the intermittent dosing schedule was rash. Overall, all-grade rash occurred in 13 (21%) of 62 patients, and grade 3 rash occurred in 2 (3%) of 62 patients. Of the 75 evaluable patients, 13 (17%) patients had stable disease and 1 (1%) patient with NSCLC had a partial response. In another phase I trial of XL147 in combination with erlotinib (Tarceva), 7 (27%) of 26 patients with advanced solid tumors had stable disease and 1 (4%) patient with NSCLC had a confirmed partial response. 56 Furthermore, in a phase I trial of XL147 in combination with paclitaxel (Taxol) and carboplatin (Paraplatin), anti-tumor activity was shown in 10 (46%) of 22 evaluable patients, including 5 patients with confirmed complete or partial responses. 57 An exploratory pharmacodynamic trial is ongoing in patients with recurrent GBM who are candidates for surgical resection. These patients will receive XL147 prior to surgery, and tumor tissue will be analyzed to determine whether therapeutic drug levels can be achieved within the tumor and for evidence of inhibition of the PI3K pathway (NCT01240460).
In addition to pan-class I PI3K inhibitors, PI3K inhibitors selective for specific p110 isoforms are currently in development. It is hoped that isoform-specific p110 inhibition may lead to more targeted inhibition of pathogenic PI3K signaling and, therefore, have an improved safety profile. Isoform-selective inhibitors for p110a are currently in phase I/II clinical trials in patients with advanced solid tumors and include BYL719, GDC0032, and INK1117.
Dual PI3K/mTOR Inhibitors
The catalytic domains of p110 and mTOR are structurally similar, and because PI3K/AKT pathway-activating mutations also activate the mTOR pathway, it has been suggested that dual inhibition of these pathways may be a more effective therapeutic approach. In general, the dual PI3K/mTOR inhibitors act in an ATP-competitive and reversible manner. Some of the dual PI3K/mTOR inhibitors currently being investigated include BEZ235, XL765, GDC-0980, GDC0084, SF1126, and PF-4691502.
BEZ235 (Novartis) is a potent dual PI3K/mTORC1/ 2 inhibitor that inhibits PI3K and mTOR kinase activity by binding to the ATP binding cleft of these enzymes with IC 50 values of 4, 75, 7, 5, and 21 nmol/L against p110a, p110b, p110g, p110d, and mTOR, respectively. 59 It has been extensively studied in preclinical models, including refractory breast cancer, glioma, renal cell carcinoma, sarcoma, and NSCLC. 60 -66 In glioma cell lines, treatment with BEZ235 led to G 1 cellcycle arrest, induced autophagy, and reduced VEGF expression. In vivo, BEZ235 significantly prolonged the survival of tumor-bearing mice. 67 In a phase I/IIb study, 28 patients with advanced solid tumors were treated with a special delivery system (SDS) capsule formulation of BEZ235 as a single agent or in combination with trastuzumab. 68 A stable response was observed in 6 (40%) of the 15 evaluable patients, 4 of whom were treated for longer than 12 weeks. Overall, BEZ235 was well-tolerated, and the most common adverse events considered to be related to the study drug included nausea, diarrhea, vomiting, and fatigue. Twice-daily administration of the SDS sachet formulation is being further investigated in a phase I study in patients with advanced solid tumors. Several other trials of BEZ235, either as a single agent or in combination, in patients with advanced solid tumors are ongoing.
XL765 (SAR245408; sanofi) exhibits dose-dependent cytotoxicity in GBM cell lines coupled with specific PI3K signaling inhibition, with IC 50 values against the a, b, d, and g isoforms of p110 of 39, 113, 43, and 9 nM, respectively. 69, 70 In addition, in luciferase-tagged GBM xenograft models, XL765 resulted in a 92% reduction in median tumor bioluminescence compared with the control. Furthermore, data from this study demonstrated synergistic activity when XL765 was combined with temozolomide and a trend toward improved survival, compared with temozolomide alone. 69 In a phase I single-agent study in 79 patients, XL765 was well-tolerated and exhibited pharmacodynamic activity in a range of solid tumors. 71 The MTDs were 50 mg twice daily and 90 mg once daily. The most common related adverse events with XL765 were nausea (31%), diarrhea (20%), anorexia (12%), elevated liver enzymes (12%), rash (10%), and vomiting (13%). Drug-related grade 3 or more transaminase level elevation was observed in 4 (5%) patients. XL765 has also been investigated in combination with erlotinib in patients with refractory advanced solid tumors. 72 No MTD was established in this phase I study. Overall, the combination was well-tolerated, without major pharmacokinetic interaction between the drugs. Similarly, no MTD was established in an ongoing study in patients with malignant glioma (n ¼ 22) for XL765 given in combination with adjuvant temozolomide. Nonetheless, because of grade 3 or greater study-drug-related adverse events including thrombocytopenia (15%), lymphopenia (10%), brain edema (5%), leukopenia (5%), transaminase increases (5%), and rash (5%), the optimal administered dose was determined to be 60 mg daily. Overall, 11 patients remained in the study for 16 weeks or more. 73 This study has recently been expanded to evaluate the MTD of XL765 with radiation therapy and temozolomide in patients with newly diagnosed GBM. A phase I exploratory trial is investigating the effect of XL765 on tumor tissue in patients with recurrent GBM who are candidates for surgical resection (NCT01240460).
Another oral dual PI3K/mTOR inhibitor, GDC-0980 (Genentech), with IC 50 values against p110a, b, d, g, and mTOR of 4.8, 26.8, 6.7, 13.8, and 17.3 nM, respectively, has demonstrated a favorable safety profile and preliminary anti-tumor activity in a phase I dose-escalation trial on a 21/28-day schedule in patients with solid tumors or non-Hodgkin's lymphoma. 74, 75 The MTD was 70 mg with a DLT of maculopapular rash. Of the 33 patients enrolled, 3 patients with mesothelioma demonstrated 23% -28% decreases in tumor activity by the response evaluation criteria in solid tumors (RECIST), and of patients evaluated by fluorodeoxyglucose-positron emission tomography (FDG-PET), 5 of 6 patients had 29%-64% decreases in maximal standardized uptake value (SUV max ). 75 Phase Ib clinical trials evaluating GDC-0980 in combination with bevacizumab, trastuzumab, and paclitaxel and in combination with paclitaxel and carboplatin are ongoing and planned, respectively. Finally, a phase I clinical trial evaluating GDC-0980 in combination with a fluoropyrimidine, oxaliplatin (Eloxatin), and bevacizumab in patients with advanced solid tumors is ongoing.
GDC-0084 is a potent, selective inhibitor of Class I PI3K and mTOR with good penetration across the blood-brain barrier. Preclinical studies show inhibition in a panel of GBM cell lines and orthotopic U87 tumors. A first-in-man phase I trial in high-grade gliomas is ongoing NCT01547546.
AKT Inhibitors
Because the principal role of AKT is to facilitate cellular survival and suppress apoptotic cell death and because activation has been demonstrated to be a key event in tumorigenesis, the inhibition of AKT is a promising therapeutic target for GBM. AKT inhibitors generally either compete for the ATP-binding in the catalytic domain or act as allosteric inhibitors that bind to the plexstrin homology domain of AKT preventing its translocation to the cell membrane.
Several AKT inhibitors have entered clinical trials, but perifosine (Keryx Biopharmaceuticals), also known as KRX-0401, is the most advanced. Perifosine is an allosteric inhibitor of AKT and has been shown to block phosphorylation of AKT but does not have an effect on PI3K activation. 76 Perifosine has been investigated in numerous phase I and II clinical trials, either as a single agent or in combination with agents, such as bortezomib, capecitabine, sorafenib, and rapamycin. 77 -87 In combination, perifosine has demonstrated modest anti-tumor activity, whereas, as a single agent, perifosine has had mixed results but does appear to be efficacious in patients with Waldenstrom's macroglobulinemia and sarcoma. 79, 87 The most common adverse events with perifosine are fatigue and gastrointestinal toxicities. In addition to ongoing phase I and II trials, perifosine is currently being explored in 2 phase III studies (colorectal cancer and multiple myeloma). On the basis of promising preclinical data, 88 a phase II trial of perifosine in recurrent GBM was conducted but unfortunately showed minimal single-agent activity (NCT00590954). Data suggesting that the combined inhibition of AKT and mTOR may be more effective than inhibition of these targets alone has led to an ongoing phase I/II trial of perifosine with temsirolimus in recurrent high-grade gliomas (NCT01051557).
MK-2206 is an orally active, highly selective non-ATP competitive allosteric AKT inhibitor that is equally potent toward AKT1 and AKT2 and approximately 20% as potent against human AKT3 (IC 50 ¼ 8, 12, and 65 nM, respectively). Phase I studies have evaluated the drug using every-other-day and once-weekly schedules. The MTD for the every-other-day schedule was 60 mg, with skin rash as the DLT. 89 The MTD for the once-weekly dosing was 200 mg, with rash again being the DLT. Limited single-agent activity has been seen with MK2206 in these studies. Currently multiple combination studies are being conducted. A study in recurrent high-grade gliomas is being considered, although there are some questions regarding the ability of the drug to pass through the blood-brain barrier.
mTOR Inhibitors mTOR mediates signaling through the canonical PI3K pathway using 2 distinct functional complexes, mTORC1 and mTORC2. mTORC1 (rapamycinsensitive) positively regulates cell growth and proliferation through phosphorylation of the translational regulators S6K1 and 4EBP1, whereas mTORC2 (rapamycin-insensitive) regulates AKT signaling. 90 As described above, the rapamycin analogs everolimus and temsirolimus are mTORC1 inhibitors that have been approved for treatment of several neoplasms. Whereas rapamycin and its derivatives impede the activity of mTORC1, ATP-competitive mTOR inhibitors target the common kinase domain, and as a result, both mTORC1 and mTORC2 activities are repressed. Increased tumor-cell proliferation, observed in some malignancies following treatment with rapamycin, an inhibitor of mTORC1 but not mTORC2, was postulated to be related to the negative-feedback regulation of mTORC2 on PI3K signaling. 39, 91 For this reason, simultaneous inhibition of both mTORC1 and mTORC2 may provide a therapeutic advantage. Current mTORC1/2 inhibitors in clinical trials include AZD8055 and AZD2014 (Astra Zeneca), CC-223 (Celgene), INK128 (Intellikine), and OSI-027 (OSI Pharmaceuticals).
Preliminary data from a phase I study of AZD8055 was presented at the 2011 ASCO Annual Meeting. 92 Overall, 49 patients (42 evaluable) with advanced solid tumors were enrolled in the study. The MTD was 90 mg twice daily, and the DLT was limited to transaminase level elevation. Unlike other rapalogs, rash and mucositis were not dose-limiting. There is an ongoing phase I/II study of this agent in Asian patients with advanced-stage hepatocellular carcinoma with mild or moderate hepatic impairment and an upcoming phase I study in patients with recurrent gliomas not receiving enzyme-inducing anti-epileptic drugs. A trial of CC-223 in recurrent GBM is also planned.
Potential Biomarkers of Response
Prediction of response to targeted agents through the use of histopathology and molecular markers has become integral in the treatment of patients with various types of cancer. In GBM, no biomarker assays linked to targeted therapeutics have been validated or standardized; however, recent clinical trials have made an extensive effort to identify markers that could potentially predict and evaluate response, resistance, and/or recurrence.
An important step in clinical trial design is the selection and screening of patients for activation of pathways relevant to the targeted therapy of interest. For PI3K inhibitors, preclinical data have suggested that activating mutations of PIK3CA and inactivation or loss of PTEN represent the most relevant molecular alterations to predict response to PI3K inhibition in multiple cancers. 52 An elegant study by Di Nicolantonio et al. demonstrated that patients with tumors that contained PIK3CA mutations and loss of PTEN activity displayed clinical benefit with everolimus (mTOR inhibitor) treatment, except when KRAS mutations were present. This finding was consistent with data from preclinical cell and tumor xenograft models (generated through the subcutaneous injection of HKe-3 or ME-180 cells into immunocompromised mice). 93 In another study, a retrospective analysis of 7 trials was performed to evaluate the effect of BRAF mutations in independent patient populations with colorectal cancer. This study found that 8.3% of patients with BRAF mutations, compared with 38% of patients without BRAF mutations (P ¼ .0012), responded to treatment with the EGFR inhibitor cetuximab. 94 In addition, in a retrospective study of 86 patients with multiple cancer types being treated in clinical trials with agents targeting the PI3K pathway, higher response rates were observed in patients with PIK3CA mutations and/or PTEN loss (mutation or complete loss of staining by immunohistochemistry), along with wild-type KRAS, compared with unselected patients or patients with PIK3CA mutations and/or PTEN loss and simultaneous KRAS mutations. 95 Additional alterations, which occur fairly commonly in GBM and remain to be evaluated with respect to response predictions, are mutations in PIK3R1 and AKT and gene amplification of EGFR and PDGFRA, which may strongly activate the PI3K pathway. Taken together, these studies demonstrate that prospective screening for mutational status is warranted to design and implement trials such that informative patient mutation profiles are addressed. Multiplex somatic mutation genotyping and copy number assays for efficient screening of patients have recently entered into clinical pathology practice and should aid in more effective trial design, 96 -98 but similar prospective studies are needed in patients with GBM to validate this approach.
Pharmacodynamic biomarkers offer the ability to determine whether agents have indeed directly inhibited the intended target within the tumor and whether there has been modulation of the key pathway components predicted to effect response. Increasingly, these measurements are made on tumor or non-tumor tissue samples obtained just prior to and during treatment with targeted agents. For PI3K inhibitors, studies often use minimally invasive skin biopsies to examine hair follicles because of their high basal PI3K activity level. For example, investigators of the phase I trials with XL147 and XL765 have been able to demonstrate modulation of PI3K pathway components and a reduction in ERK/MAPK pathway signaling in skin biopsies, hair follicles, and tumor biopsies in a diverse spectrum of solid tumor types. 58, 70, 71, 99 In particular, reductions in the phosphorylation of AKT and its downstream targets proline-rich AKT substrate of 40 kilodaltons (PRAS40), eIF4E-binding protein 1(4EBP1), and S6, as well as MEK and ERK have been noted. Reduced PI3K signaling and phosphorylation of MEK and ERK were also shown to be associated with reductions in the proliferation marker Ki67 and increases in apoptosis in patients receiving XL147. 58 Another surrogate marker of response to PI3K pathway inhibitors, which is currently being evaluated in clinical trials, is the impact of PI3K inhibitors on glucose homeostasis through the measurement of fasting glucose, insulin, or plasma C-peptides. Results from phase I studies with XL147 and XL765 have demonstrated that treatment with these drugs led to increased insulin levels in patients in an exposure-dependent manner but had minimal impact on glucose levels. 70, 100 In addition, in trials using BEZ235 and BKM120, dose-dependent increases in plasma C-peptide levels were noted. uptake by PET has been widely used as a pharmacodynamic marker in BKM120 and BEZ235 trials and is being implemented in trials with GDC-0980 and CAL-101. 42, 44, 75, 101 For example, in the BKM120 phase I trial presented by Grana et al. at the 2011 ASCO Annual Meeting, inhibition of tumor metabolic activity was detected as early as cycle 1, and the percent change from baseline suggested a trend toward indicating response. 44 However, for CNS cancers, neither skin biopsies nor peripheral glucose homeostasis are likely to serve as reliable surrogates for the measurement of drug levels and pathway inhibition in the brain and in brain tumors due to the blood-brain barrier. Furthermore, sampling of brain tumors before and after targeted therapy is challenging and not commonly performed. For CNS cancers, therefore, the effects of targeted therapy in the brain are measured using the most recent biopsy prior to therapy and compared with a post-therapy biopsy (if available). This practice of using a recent biopsy, rather than one taken directly prior to targeted therapy, assumes that most current therapies would have little effect on the tumor with respect to specific pathways from initial tumor evaluation to recurrent tumor samples.
Conclusions
Although we still face hurdles in fully understanding the complexity of signal transduction in the PI3K pathway and in implementating a standardized, validated routine diagnostic measurement, the future of GBM treatment with PI3K-taregeted agents is promising. Overall, recent research has made tremendous steps toward understanding the pathology of this disease and identifying therapeutic options. Furthermore, growing preclinical and clinical evidence suggests that PI3K pathway inhibitors will provide viable options for the treatment of cancer patients, including those with GBM. Future challenges may include determining which patient populations will benefit from these inhibitors (PTEN loss vs PIK3CA mutations) and optimizing the combination of PI3K pathway inhibitors with inhibitors of other pathways, such as MAP kinase, with inhibitors of tumor stem cells, and with radiation therapy, chemotherapy, and anti-angiogenic therapies. Continued exploration of potential biomarkers will also hopefully lead to more successful treatments for GBM patients.
